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A NEW MODEI, OF RATE DEPENDENT ELASTIC-PLASTIC FLOW

James E. HAMMERBERG, Dean L. PRESTON and Duane C. WALLACE

Applied Theoretical Physics Division
Los Alamos National Laboratory, Los Alamos, New Mexico

We present the results of 2D lagrangian hydrodynamic simulations of cylinder impact experiments us,ng a
recently developed model for ;ate-dependent elastic-plastic flow. This model, which takes advantage of em-
pirical scaling relations in terms of melting temperature and shear modulus is consistent with the very
high strain-rate behavior deduced t%omoverdnven shock data and is in good agreement with the tempera-
ture and density dependence of the flow stress where known, Calculations for uranium and copper are dis-
cussed.

1, INTRODUCTION

The flow properties of real solids depend in a
complicated way on the thermodynamic and de-
fective state of the material. The evolution of the
material ground state under conditions of large
strains and high rates, however, is a formidable
and unsolved problem of condensed matter phys-
ics, Models for the flow stress of solids which are
based on single mechanisms for defect dynamics
tend therefore to be of limited use outside a re-
stricted range of pressure, temperature, strain
and strain rate, The mod~ll which is discussed in
this ptiper att.ompts to avoid some of these diffi-
culties by using in an essential way the proper-
ties of materials in the strong-shock Iirnit and
the relevnnt Iower-rati experimental data where
nvailable, It therefore mnkcw pomihle reasonable
intrrpclution~ hctwcon llirgc 8train, low rate be-
hawor rind high rati, low strain ~hock data. A
second property of this model is t hnt it tnkcs into
~ccount the actunl kmperaturc rind density dc-
pendonce of thu flow strcwi by using a scaled
vnrinhle formulnt Ion, tnking into nccount tho
moRt nccurntm calculntionnl dnt n nvnilnhlc for
~hl~nr moduli and nwlting timp~rnturrn. The fol-
lowing rwction~ givo a brief dwwription of the
model and con~pnriw)ns with cylindrr irnpnct
dntn which ncc(w tho Inrgr-fltrnin ir~t(~rtil{~{!illt{~-
rntc con~tif Ill ivo hohnvior of (vqqwr nnd llrllni-
um.

2. A SCALED MATERIALS MODEL

The model we consider here is a complete model
for the thermoplastic flow of solids. It represents
the constitutive behavior of a .at.erial as a func-
tion of the mass density p, temperature T, plastic
strain V, and plastic strain rate ~. The flow
stres6 f is tiken to be a functiou of these vari-
ables f = t (p,f;~,v),Itis convenient to express
stremes and temperatures in terms of scaled (di-
mensionless) quantities with stresses scaled by
the isotropic shcur modulus c (p, ~ and temper-
atures scaled by the melting temperature T~ (p) .
Tho rate dependent quantities may also be scaled
by a natural measure of frequency for shear mo-
tion, ~, defined by
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rate dependent saturation and yield stresses de-
fined in the following way:

?Y 1= rn~r!Y1, ?rh, , (3)

is “1= mux [Y2, fvh, (4)

Y1 and Yz are the yield stress and the low strain
rate saturation flow stress scaled by the shear
modulus. ?v~$is the scaled flow stress at very high
strain rates (2 107 WC-l). We have determined
this quantity by an analYsis of overdriven shock
by Wallace3 and from pressure shear data,4’s The
very high strain rati limiting behavior is very well
represented by a power law

(5)

The saturation flow stress is temperature depen-
dent and a good representation of the data is given
by

AY2= (U+hf)-’ (6)

A i~ a constant which takes crystal structure into
account and u and b are constants as are a and j3
above, ~ is the scal~d temperature defined above.

3. APPLICATION OF THE; MODEL TO TAYLOR
IMPACT ltXPERIMENTS FOR COPPER AND
URANIUM,

experiments of Gust.g The OFHC experiments we
refer to are from Johnson and CooklO. The ther-
modynamic properties of the materials are taken
from the LANL SESAME tables of thermodynamic
properties. 11 The shear moduli and melting tem-
peratures used in the scaled materials model are
also taken horn the new auxiliary SES~E t.a-
bles12 The results of these simulations and corn.
parison with experiment are given in Table II.

Table I: Model Parameters for Uranium and

Copper

Parameter Uranium Copper

Y,
A
N

P

Y
a

b
a

b

0.0020
1.0
7,8
1.17
0.56
64,0
0.306
64,0
220,0

0.00021
1.0
6.0
0.8
0.20
141,0
0,202
141,0
387,0

Table Il. Comparison With Experiment

Uranium:

TI”K) Vo(m/s) f (talc) ; (expt. )
o 0

296 159 0,796 0!830
138 0,829 0.866
106 0,879 0,899
180 o,:lii5

720 106 0H33 OHIO
726 159 0706 0,662

l:]g 0,756 0.727

Cnppor:

\’()(m/’,f) /’ ((’111(’); (Oxpt ,) R
(Clllc) R

A’,, R,,
(PXIJt. )

() ‘(l

1:)0 (),7R7 (),77() I ,:Ill 1,:1(1
146 (l,7ri4 (),7:Hi 1,fif) 1,40
1()() () f;!jtl ()(;:IH 1 ,\)l 177
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FIGURE 1

Flow stress vs. plastic strain rate.
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4, DISCUSSION

Figures 1-3 give an indication of the rate, plas-
tic strain, and temperature dependence of the flow
stress for uranium at 725*K In the cylinder im-
pact experiments the high-rate behavior occurs
within the first 10 p see, typically, and is fairly lo-
calized near the anvil-cylinder interface where
temperature rises of a few hundred “C occur. Plas-
tic straina of order unity are typical, Therefcre in
the Taylor impact experiment the initial deforma-
tion tests the higher rate properties of a given
model and late time evolution is determined by
large strain and temperature dependence of the
flow stress, This is an intermediate regime for the
present model for most of the evolution of the im-
pact experiment, We find that the agreement with
experiment is within a few percent for the final
rod shape for the cases studied. We have not made
an attempt to use the impact data to “improve” the
parameters of the model since the microstructure
of the materials is not well ei~ough known, We
have also not attempted to modify the anvil cylin-
der intmaction by changing to a stick-slip interac-
tion which is also not well enough characterized.
We consider the level of agreement b.)be good con-

sidering that we have fit the rate-dependent data
at very high strain rates and are in an interpola-
tive regime ns far as our model is concerned. We
Qxpect that in higher strain-rate regimes our mode-
1 will bocomo more accur~ti in predicting materi-
al flow, The ovorall agrcoment with the impact
datn is as good or bottcr tnan that obtained with
other ntnndnrd models nnd indicntcs thnt wo are

tr{’nting the dmmity nnd tcn~peratlirc dvpendcnce
nl)d work hnrd(~nin(! well, Since our moficl is
NC II141(I witt) t II(I mwit nccurutv vnltios for ~lwnr
moduli nnd nl(*lting t(’mpt’rat(lres prew$ntly nvnil -
81)1[s,wc nlfw hnw c(mfi(ioncethnt tlw t4’mpcrn-
turv ~nd dw~~ity dr;wndomw of thv flow str’ws will
IN*Iimitod to a lnrgc (*xt4mt by our abilitim to cal-
clllat..o thww qunntitifw This, wo Iwlimw, ifl n mn-
jor ~lrongth of n wn!ed mnt.miola mod(~l for
prwtirting Inntorinl flow twhnvior in rvgimm of
t~*mpm-nture, dvnsi(y nm! tlt)w rnt4* whoro vxpuri -
nwn~ nl dntn mny ht~vvry dltlimtlttooht nin
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